Abstract. Little is known about the connection between demography and dispersal in metapopulations. The meta-analysis of the population time series of five butterfly species indicated that (meta)population dynamics are driven by density-dependent factors. Interspecific comparison reveals a significant inverse relationship between population growth rate and the magnitude of dispersal distance. As the range of dispersal distances is constrained by the patch system, dispersing individuals moving too far away would (probably) get lost. This generates selective pressures on individuals with a high dispersal propensity, but favors individuals investing more in reproduction and results in a higher (meta)population growth rate. From a conservation perspective, individuals from (meta)populations and species sacrificing dispersal for the sake of reproductive performances are most vulnerable because of their higher sensitivity to stochastic events: the temporal variation of growth rate was much higher in the two metapopulations where dispersal was limited.
INTRODUCTION
Population ecology is concerned with the prediction of changes in the abundance of organisms over space and time. Classically, population studies investigated demographic processes occurring in local populations, considering the increase or decrease in population sizes as the combination of birth and immigration or death and emigration, respectively. Dispersal parameters were often considered as merely speculative and were virtually ignored (e.g., Boughey 1968, Begon and Mortimer 1981) . The insight that individual exchanges between local populations matter in population dynamics (Levins 1969, Brown and Kodric-Brown 1977) remained largely ignored until the emergence of the metapopulation paradigm, which emphasized the crucial role of immigration and emigration in the longterm persistence of spatially structured populations (e.g., Hanski 1999) . Metapopulations (used here sensu lato: sets of local populations in which, typically, dispersal from one local population to at least some other patches is possible; Hanski and Simberloff [1997] ) are considered to be buffered against extinction by gene flow between local populations, rescue effect, or recolonization after local extinction (Fahrig and Merriam 1994) . Research conducted thus far in metapopulation biology more often than not has neglected the demography of local populations in favor of investigation into 1 E-mail: baguette@ecol.ucl.ac.be the effects of spatial structure and dispersal on metapopulation persistence. However, a growing body of both empirical and theoretical studies calls for taking local population dynamics into account in models targeted at small numbers of local populations (Lopez and Pfister 2001 , Ellner and Fussmann 2003 , Baguette 2004 , Schtickzelle and Baguette 2004 ).
Here we explore the link between dispersal and local demography, which is still poorly known (McGarigal and Cushman 2002, Lecomte et al. 2004 ) and has remained largely ignored in the metapopulation literature (Henle et al. 2004 ). There seems to be a consensus on the role of dispersal in determining some synchrony in the dynamics of local populations (e.g., Ranta et al. 1998 , Bjornstad et al. 1999 , Cazelles et al. 2001 ), whereas the processes by which dispersal interacts with other local population demographic parameters have received much less attention. However, a theoretical model (Matter 2001) has investigated the relationships among dispersal rate, local population growth rate, and carrying capacity in metapopulations. Relaxing the common assumption of the effect of the constant immigration/emigration rate on synchrony in local population dynamics, this model showed that both synchrony and metapopulation extinction are affected by the population growth rate and the proportion of dispersing individuals, which interact with local carrying capacities and immigration rate to create differences in the ability of populations to produce and absorb dispersing individuals. Accordingly, the relationship be-tween demography and dispersal is complex and certainly deserves further investigation.
In this paper we take advantage of data sets in which both the population size time series and population spatial structure are available in (meta)populations of five butterfly species to investigate the trade-off between demography and dispersal. Specifically, we investigate the relationship between demography (population growth rate reflecting investment in reproduction) and the magnitude of efficient dispersal distance. By ''efficient,'' we mean dispersal leading the dispersing individual to reach another habitat patch, thus having potential impact on (meta)population dynamics through reproduction; this is an attribute of the individual, depending on the combination of the dispersal capacity of the species and the landscape configuration. Our hypothesis is that, as the range of efficient dispersal is constrained by the patch system (i.e., dispersing individuals going too far would normally be lost for reproduction), selective pressures on individuals with high dispersal propensity might be observed in favor of individuals investing more in reproduction, which in turn entails a higher (meta)population growth rate. Therefore, according to the trade-off between dispersal and reproduction at the individual level, we expect a negative relationship between population growth rate and the magnitude of efficient dispersal distance at the metapopulation level.
METHODS
We searched the literature on butterfly metapopulations in which data were available to estimate both demography (population growth rate) and efficient dispersal distance, and found five such metapopulations: four fritillaries (Proclossiana eunomia, Boloria aquilonaris, Euphydryas editha bayensis, Euphydryas aurinia) and a satyrinid (Lopinga achine). We explored the correlation between population growth rate and efficient dispersal distance as estimated for each of these five species' metapopulations.
For each metapopulation, we used a time series of population density to estimate density-dependent population growth. The Ricker equation was chosen because it expresses scramble competition, which is likely to be the dominant competition in these nonterritorial butterfly species. When density increases, the amount of resources per individual decreases as they are more or less equally shared (Morris and Doak 2002) . This equation gives the population growth rate (R t ) according to the population density for the preceding year (D tϪ1 ):
Here R max is the maximum growth rate at low population density and K is the carrying capacity (Akçakaya et al. 1999) . For more details on the species and the available data, see Appendix A. For details on the method used to estimate density dependence, see Baguette and , Schtickzelle and Baguette (2004) , and Appendix B. References are in Appendix C. We used the maximum growth rate at low population density (R max ) as a measure of investment in reproduction and local demography. Efficient dispersal distance is, by definition, quite difficult to estimate precisely. Indeed, not all movements in a metapopulation can be recorded. We circumvented this problem by estimating the lower and upper boundaries of the range where the true efficient dispersal distance definitely lies. The lower boundary was the maximum recorded dispersal distance and the upper boundary was the longest between-patch distance within the metapopulation, as each metapopulation is isolated (more distant patches of suitable habitat are far above the dispersal capacity of the species considered). Following Van Dyck and Baguette (2005), we assumed that, in fragmented landscapes, long-distance dispersal movements are distinct from daily routine movements; therefore, the dispersal movements observed were single moves and not summed over the butterfly's life. The rationale is simply that efficient dispersal distance must not be shorter than what has been observed or longer than what is possible in the patch network. (As indicated earlier, dispersal, when longer distance, is not efficient because individuals are lost.) All distances were computed between centers of habitat patches.
RESULTS
The relationship between population growth rate and population density in the year before fits clearly and significantly, for all five species, the negative exponential function expressed by Eq. 1 (Fig. 1) . Furthermore, Fig. 2 shows there is a significant inverse relationship between local population growth and the magnitude of efficient dispersal distance. Distances were ln-transformed so relations are logarithmic, but untransformed distances fit nearly as well. The point for the longest between-patch distance for Lopinga achine (Satyrinae) does not fit perfectly compared to the four fritillary species; this may be related to differences in ecology compared to fritillaries or to difference in data quality. Table 1 gives a summary of population growth and dispersal parameters as observed in the five metapopulations. The relationship between population growth rate and density in the year before fits clearly and significantly, in all five cases, the negative exponential function expressed by Eq. 1 (Fig. 1) , even if the longer time series (Euphydryas e. bayensis) shows more variability at low population size. The E. e. bayensis metapopulation presents an extreme population size of ϳ1150 individuals/ha, the closest other ones being ϳ450 individuals/ha; the removal of this outlier point does not alter the quality of the fit of the negative exponential function or change its parameter estimates significantly (R max ϭ 2.26 instead of 2.19; K ϭ 304 FIG. 1. Negative exponential relationship between the population growth rate (R t ) and the population density the year before (D tϪ1 ) for five butterfly species, with the P value of the regression and demographic parameters computed from Eq. 3. For P. eunomia and B. aquilonaris, densities were estimated using methods that allowed for the estimate of standard deviations of both parameters R t and D tϪ1 (see Appendix B for details). For P. eunomia, solid circles are values used to build the regression (Schtickzelle and Baguette 2004) , whereas open circles are validation points (data collected after the analysis).
instead of 385 individuals/ha). The parameters of the density dependence function (maximum growth rate, R max , and carrying capacity, K) are variable in the different metapopulations, but are clearly in the same order of magnitude: the maximum growth rate varies between 1.24 and 3.11, whereas the carrying capacity ranges from 152 to 723 butterflies/ha (Fig. 1) for fritillaries and somewhat lower (78 individuals/ha) for L. achine. Because L. achine's suitable habitat is a narrow strip at glade edges, it is likely that there is an over estimation of patch area as glade area, which might be responsible for this lower estimate of equilibrium density. Descriptive statistics of the observed growth rates (Table 1) reveal that the variance of R t was much higher in the two metapopulations in which efficient dispersal distance was limited (E. e. bayensis and E. aurinia). This is not an artifact due to the length of the time series (Inchausti and Halley 2001) , as there was no correlation between the variance of R t and the length of the time series (Spearman's correlation, ϭ 0.50, P ϭ 0.39). The variance did not significantly increase with the mean ( ϭ 0.20, P ϭ 0.74), but even taking that into account, i.e., using the coefficient of variation instead of the variance or the standard deviation, E. e. bayensis and E. aurinia metapopulations present higher CV values (Bartlett's test for homogeneity of variances on ln-transformed R t , used as a test of equality between several coefficients of variation [Sokal and Braumann 1980] : 2 ϭ 7.88, df ϭ 4, P ϭ 0.096).
DISCUSSION
The negative exponential relationship between population growth rate and population density in the year before is indicative of a strong density-dependent regulation (e.g., Gilpin and Ayala 1973) . Such evidence of density-dependent regulation in butterfly population dynamics is recent and not fully documented, but two proximal density dependence factors are usually put forward: natural enemies and feeding resource limitation of larvae (Hanski 1999) . Here, both processes are likely to occur: specialist parasitoids strongly affect larval survival in Euphydryas aurinia (Porter 1983) and Proclossiana eunomia (Waeyenbergh and Baguette 1996) , whereas asynchrony between larval and host plant development due to unusual weather conditions was reported in E. e. bayensis, leading larvae to starve to death in places where microclimatic conditions were unsuitable (Dobkin et al. 1987 , Hellmann et al. 2004 ). However, withering of host plants and parasitoid attacks usually are spatially restricted processes: no local population extinction was recorded in the 88-butterfly generation data set analyzed here (but the E. e. bayensis metapopulation finally becomes extinct; McLaughlin et al. [2002] ). The most striking point here is that all of our five population size time series indicate unambiguously density-dependent dynamics.
Accurate demographic and dispersal estimates are obviously essential to the reliability of the relationship between growth rate and the magnitude of efficient dispersal distance. We used high-quality data obtained by capture-mark-recapture studies instead of simple, short population assessments (e.g., transect snapshots). The population size estimates are therefore among the best available for butterflies and invertebrates in the wild. Our use and estimation of efficient dispersal distance as reflecting investment in dispersal is based on a two-pronged argument. (1) It can be argued that, in many studies, dispersal typically is confounded with other factors such as landscape configuration, as detectable dispersal distances are defined by the distances between available patches. However, what matters here is the magnitude of efficient dispersal distance, with its potential impact on (meta)population dynamics. Dispersing individuals leaving the patch system are lost, and should be counter-selected against. The magnitude of efficient dispersal distance is therefore determined by the interaction of the dispersal capacity of the species and the landscape configuration. (2) The estimation of efficient dispersal distance is subject to many inaccuracies, especially when different systems studied by different people must be compared. More and more empirical evidence suggests that butterfly dispersal is not isotropic in the landscape, but oriented toward suitable habitat patches (e.g., Roland et al. 2000 , Baguette 2003 , which were regularly visited by the researchers during the flight season in the five experimental systems. Even if it is therefore reasonable to assume that the majority of successful dispersal events were detected, we can not be sure that no greater movement, in terms of distance, was undetected. Instead of a point estimate for efficient dispersal distance, we used lower (observed dispersal distance) and upper (longest possible between-patch distance in the patch network) boundaries that enabled us, to a large extent, to ease the estimation problems of efficient dispersal distance. By showing the existence of a relationship between population growth and efficient dispersal distance, we illustrate that these two parameters are linked, despite the fact that, with natural landscapes, it is impossible to identify experimentally the exact factors involved in the causal relationship of the limit of efficient dispersal distance.
The inverse relationship between population growth rate and the magnitude of efficient dispersal distance is revealed on the basis of comparisons between populations belonging to different species. However, because there were no data for several metapopulations of a given species, we should ask ourselves whether the observed pattern can be explained by between-species differences in life history traits or by dispersal performances. The four fritillary species under study are ecologically and evolutionary close to one another, which clearly minimizes the risks inherent to interspecific comparisons. However, it is worth noting that even if their potential fecundity is comparable, the egg-laying strategies of females are markedly different between females laying a single egg on multiple occasions (Boloria aquilonaris) and females generally laying a single, large egg cluster during their lifetime (E. aurinia). In contrast, P. eunomia and E. e. bayensis present an intermediate situation: the former lays several clusters containing a few dozen eggs each (N. Schtickzelle, unpublished data), whereas E. e. bayensis can lay clusters of up to 100 eggs each (Boggs 1997) . Due to the egg load, females of E. aurinia are not very mobile and lay their cluster a short distance from their place of emergence (Porter 1981) . Because the development and maturation of so many eggs is a long process, these females will succeed in laying another cluster only when weather conditions permit survival and feeding for several days (Porter 1981) . Female dispersal leading to egg-laying in locations other than their place of emergence therefore does not occur at each generation. On the other hand, females of B. aquilonaris are much more mobile and able to disperse their eggs widely before dying. Finally, despite its phylogenetical and ecological differences, L. achine is characterized by a growth rate-dispersal pattern that fits very nicely into the relationship observed for fritillaries, suggesting that the relationship might not be restricted to closely related species.
We surmise that the relationship between population growth rate and dispersal is related to the timing of egg laying and clutch size. Females laying one large egg batch emerge from the pupae with ripe eggs and lay their eggs very soon after their emergence, usually quite close to their point of emergence. If we consider local population dynamics, the relevant fecundity parameter is the number of eggs laid by individual females in their natal patch. A gradient of this fecundity parameter exists, depending on the egg-laying strategy, and ranges from lower fecundity values (single-egg layer) to larger fecundity values (batch layer); we show here that this gradient corresponds strictly to the values of local population growth rate: populations with low growth rates have lower fecundity parameter values than populations with high growth rates. This finding raises the question of the link between fecundity and dispersal.
The study of insect species showing dispersal dimorphism, with dispersive winged forms and resident wingless forms, indicates that, generally speaking, dispersal is associated with a lower reproductive effort (e.g., Mole and Zera 1993, Zera and Denno 1997) . The existence of such a trade-off between reproductive effort and dispersal has been reported in insects as well as in other animals (e.g., Zera and Harshman 2001) . Data on wing-dimorphic insect species show unambiguously that the general trend is a trade-off: an increase in dispersal means a decrease in female fecundity and vice versa (see Zera and Denno [1997] for a review). In our opinion, this could mean that the trade-off is structural (developmental) rather than environmental (higher access to resources for better individuals). However, some exceptions are recorded, which could confirm that, in some cases, environmental covariance may swamp genetic covariance. One reason for the preeminence of the genetic covariance may be that assortative mating occurs preferentially between brachypterous and macropterous individuals (Langellotto et al. 2000) .
In this context, we suggest that the relationship between population growth rate and the magnitude of efficient dispersal distance reported here depends on this trade-off at the individual level and links population growth rate to spatial structure. According to metapopulation theory, rescue effects and recolonization are likely to occur when local populations are linked by individuals dispersing in the landscape. Therefore, successful dispersal is extremely important because it allows local populations to recover after depletion. Thus, we could argue that, in landscapes where the spatial configuration of suitable habitats allows for successful dispersal events, selective pressures would act mainly on the dispersal side of the trade-off. On the other hand, in isolated populations, dispersal will be counter-selected, leading to an increase in female fecundity and, hence, in local population growth rate. It is worth noting that the two most isolated metapopulations (E. aurinia and E. e. bayensis) present some high growth rates (R t Ͼ 3.5, compared to R t Ͻ 2 for the three other metapopulations), indicating a potential for very high reproductive success made possible by a high reproductive investment. Furthermore, the variability of R t is higher in the same two most isolated populations (temporal fluctuations in abundance are larger), which indicates that they suffer more from stochastic events than populations in which dispersal is effective. This points to the buffering effect of dispersal on local dynamics (Hanski 2001) . The Jasper Ridge Biological Preserve (Stanford University, Stanford, California, USA) metapopulation of E. e. bayensis studied here is now extinct, probably because of the large temporal fluctuations that it presented (McLaughlin et al. 2002) , whereas population viability analyses of the remaining three fritillary species indicate that the future fate of the E. aurinia metapopulation ) is far more worrisome than that of the two other species (P. eunomia, Schtickzelle and Baguette [2004] ; B. aquilonaris, ), while the satyrinid L. achine occupies an intermediate position (Bergman and Kindvall 2004) .
To conclude, we summarize the message of this paper in the following four propositions: (1) Intraspecific comparisons of the relationships among demography, dispersal, and metapopulation spatial structure are sorely lacking. (2) Our interspecific comparison reveals a pattern consistent with the well-documented tradeoff between reproductive effort and dispersal. (3) Accordingly, selection against dispersal in fragmented landscapes (e.g., Schtickzelle and Baguette 2003) would lead to changes in individual reproductive performances (increase in fecundity), leading in turn to an increase in local population growth rate. (4) From a conservation viewpoint, this increase may affect the evolutionary future of the population because individuals sacrificing dispersal for the sake of reproductive performances are certainly more vulnerable to habitat loss and fragmentation due to their higher sensitivity to stochastic events. LITERATURE CITED
